


Post-Harvest Losses in Horticultural Crops: Causes and Management

Abstract
Post-harvest losses in horticultural crops represent a major constraint to global food and nutritional security, farmer income, and sustainable agricultural development. Fruits and vegetables are highly perishable due to their high moisture content, delicate tissues, and continued physiological and biochemical activities after harvest, making them vulnerable to significant quantitative and qualitative losses. It is estimated that 10–50% of horticultural produce is lost at various post-harvest stages, particularly in developing countries where infrastructure, cold chain facilities, and market access remain inadequate. This review critically examines the magnitude, causes, and stages of post-harvest losses in horticultural crops, with emphasis on biological and physiological processes such as respiration, ethylene production, enzymatic activity, and microbial spoilage, as well as physical damage, improper handling, transportation constraints, and socio-economic factors.
The paper highlights stage-wise management and loss-reduction strategies, including harvesting at optimal maturity, scientific handling and grading, improved packaging, pre-cooling, cold storage, controlled- and modified-atmosphere storage, sanitation, and moisture management. The role of value addition and processing in minimizing wastage and enhancing economic returns is also discussed. Furthermore, the importance of policy and institutional support, investment in cold chain infrastructure, market linkages, quality standards, and farmer training is emphasized. Emerging technologies such as smart sensors, Internet of Things (IoT)-based cold-chain monitoring, biocontrol agents, and nanotechnology-enabled packaging are reviewed for their potential to extend shelf life and improve supply-chain efficiency. Despite these advancements, challenges related to high investment costs, lack of skilled manpower, and limited accessibility for smallholder farmers persist. The review concludes that an integrated, multidisciplinary approach combining technological innovation, capacity building, and supportive policies is essential for sustainable reduction of post-harvest losses in horticultural crops.
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Introduction 
Post-harvest losses include all the things that happen to food after it is picked and before we eat it. This can be things like damage from being handled or problems that happen because the food is not stored or transported properly (Singh et al., 2021). When we talk about post-harvest losses, in the part of agriculture that deals with fruits and vegetables, the problem is even worse. This is because fruits and vegetables are mostly made of water they are soft. They are still doing things like growing and changing even after they are picked from the plant (Banjaw, 2017). 
Fruits and vegetables are still alive after they are picked from the farm. They keep doing things like breathing and giving off water. They also get ripe and old. They make a gas that helps them get bad faster. If we do not take care of them properly, they will go bad quickly. The problem is that they are very soft and can get hurt easily (Atanda, et al., 2011). They can also get infected with things, like germs, and they do not like it when it is too hot or too cold. This means that if we make mistakes when we pick them, pack them, store them, or move them around, people will not want to buy them, and we will not have as many good ones to sell. Horticultural produce like fruits and vegetables will get bad faster if we are not careful (Singh et al., 2021).
Around the world, we see that thirty to forty percent of the food that is grown is lost after it is picked. This is a problem, especially in countries that are not as developed (Dris, et al., 2003). In places like South Asia and sub-Saharan Africa, the problem is even worse because they do not have the equipment to keep food cool, they do not have good places to store food, the roads are bad, and people do not know the best ways to handle food after it is picked. When food is lost it is not the food that is wasted; it also means that farmers and traders lose money, and it hurts the whole country. Horticultural produce is lost in large amounts, and this is a problem that affects horticultural produce a lot. The loss of produce is a big deal because horticultural produce is an important part of the food that people eat (Elik et al., 2019).
Minimizing post-harvest losses is therefore a critical component of ensuring food and nutritional security, enhancing farmer income, and improving market competitiveness (Kiaya, 2014). Effective post-harvest management practices, such as proper harvesting techniques, pre-cooling, grading, packaging, cold storage, processing, and value addition, can substantially reduce losses and extend shelf life. Moreover, strengthening post-harvest systems contributes to sustainable agricultural development, reduces pressure on natural resources, and supports the goals of climate-resilient and economically viable horticulture (Bisht, and Singh, 2024).
Chart 1:  Post-Harvest Losses in Horticultural Crops
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2. Magnitude of Post-Harvest Losses
Post-harvest losses in horticultural crops vary significantly based on the crop type, production and harvesting methods, climate, location, and the efficiency of the value chain. These losses happen at many stages, including harvesting, handling, storage, transportation, processing, and marketing, and they can reduce both quantity and quality (Gajanana, et al., 2011).  Such losses not only decrease the amount of marketable produce but also impact nutritional value, shelf life, and consumer acceptance.
Generally, post-harvest losses in fruits and vegetables range from 10% to over 50%. Higher losses often occur in highly perishable items (Elik, et al., 2019).  Crops like leafy greens, berries, tomatoes, mushrooms, and soft fruits are particularly at risk due to their rapid respiration rates, fragile tissues, and vulnerability to mechanical damage and decay. For example, leafy greens can lose over 40% to 50% under poor handling and storage, especially without cold storage facilities (Atanda, et al., 2011).
The extent of losses differs between developed and developing areas. Developed countries usually see lower post-harvest losses at the production and storage stages due to better infrastructure, machinery, and cold storage systems. However, significant losses can still happen at retail and consumer levels because of aesthetic standards and food waste. In contrast, developing countries typically suffer higher losses during harvesting, transportation, and storage because of poor infrastructure, limited refrigeration access, inadequate packaging, and a lack of knowledge among stakeholders (Hailu, and Derbew, 2015).
The efficiency of the value chain is crucial in determining loss levels. Longer supply chains, multiple intermediaries, poor road connectivity, and marketing delays increase the chances of spoilage and quality loss (Enyiukwu, et al., 2020). High temperatures and humidity, common in tropical and subtropical areas also speed up deterioration and microbial growth, leading to higher post-harvest losses (Rajapaksha, et al., 2021). 
In summary, the significant post-harvest losses in horticultural crops pose a serious challenge to food availability, farmer profits, and sustainable agricultural growth. Understanding how extensive and where these losses occur across crops, and supply chain stages is vital for developing targeted solutions and using effective post-harvest technologies to reduce waste and improve value realization.
Chart 2 : Stage-wise Post-Harvest Losses in Horticultural Value Chain
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3. Causes of Post-Harvest Losses

Post-harvest losses result from a complex mix of biological, physical, technological, and socio-economic factors that affect different stages of the post-harvest supply chain. Horticultural crops continue to be alive after harvest (Kiaya, 2014). When combined with poor handling and infrastructure, this leads to faster deterioration. The main causes of post-harvest losses can be grouped as follows:
Chart 3: Causes of post-harvest losses in Horticultural Crops
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Table 1. Major Causes of Post-Harvest Losses and Their Impacts in Horticultural Crops
	Category
	Cause
	Impact on Produce

	Biological & Physiological
	High respiration rate
	Rapid depletion of food reserves, heat build-up, and reduced shelf life

	
	Ethylene production
	Accelerated ripening, softening, senescence, and decay

	
	Enzymatic activity
	Tissue softening, browning, flavor, and nutritional quality loss

	
	Microbial attack (fungi, bacteria, yeasts)
	Rotting, mold growth, off-odors, mycotoxin contamination

	Physical & Mechanical
	Mechanical damage (bruising, cuts, cracks)
	Increased microbial infection, reduced market acceptability

	
	Temperature extremes
	Chilling injury or heat damage, physiological disorders

	
	Moisture loss (transpiration)
	Wilting, shriveling, weight loss, reduced visual quality

	Handling & Transportation
	Rough handling and improper packaging
	Compression injury, physical damage, accelerated spoilage

	
	Inadequate transport facilities
	Overheating, vibration injury, and increased decay during transit

	Storage Conditions
	High temperature and humidity
	Enhanced respiration, microbial growth, and faster deterioration

	
	Poor ventilation
	Accumulation of heat, CO₂, and ethylene, leading to rapid spoilage

	Market & Socio-Economic
	Delayed market access
	Over-ripening, spoilage, forced distress sales

	
	Inadequate infrastructure
	Limited storage life, inability to adopt improved technologies

	
	Lack of awareness and skills
	Improper handling and storage, higher post-harvest losses



3.1. Biological and Physiological Causes
Respiration:  
After harvest, fruits and vegetables remain alive and continue to respire, consuming stored carbohydrates and organic acids while releasing carbon dioxide, heat, and moisture. High respiration rates quickly deplete reserves, increase heat, and speed up aging, which reduces shelf life and market quality (Workineh, et al., 2021).
Ethylene Production:  
Fruits that ripen post-harvest, like bananas, mangoes, apples, and tomatoes, produce ethylene, a natural plant hormone that controls ripening. Excess ethylene speeds up ripening, softening, color changes, and aging. This shortens storage life and raises the likelihood of decay (Singh, et al., 2021).
Enzymatic Activity:  
After harvest, enzymatic reactions, including those of pectinases, cellulases, and polyphenol oxidases, cause tissue softening, browning, and loss of flavor. These changes negatively affect texture, appearance, and nutritional quality (Elik et al., 2019).
Microbial Attack:  
Fruits and vegetables are very prone to infections from bacteria, fungi, and yeasts, especially in warm and humid conditions. Common pathogens can lead to rotting, mold growth, off-odors, and mycotoxin contamination, causing substantial quantitative and qualitative losses (Martinez-Romero et al., 2004).
3.2. Physical and Mechanical Causes
Physical and mechanical factors are among the primary contributors to post-harvest losses in horticultural crops. Mechanical damage, including bruises, cuts, abrasions, punctures, and cracks, commonly occurs during harvesting, grading, packaging, and transportation operations. Such injuries not only deteriorate the external appearance of produce but also disrupt cellular integrity, leading to increased respiration rates, accelerated physiological breakdown, and the creation of entry points for pathogenic microorganisms. Consequently, damaged produce becomes highly susceptible to rapid spoilage and decay. Workineh and Enyew (2021) reported that mechanical injuries are a major cause of post-harvest losses in fruits and vegetables, particularly in systems characterized by manual handling and inadequate packaging.
Temperature extremes further exacerbate post-harvest deterioration. Exposure to high temperatures increases respiration, transpiration, and microbial activity, thereby accelerating senescence and quality degradation. Conversely, extremely low temperatures may induce chilling or freezing injury in temperature-sensitive commodities, resulting in tissue browning, pitting, off-flavors, and loss of marketability. Siddiqui et al. (2015) highlighted that improper temperature management, often intensified by climate variability, significantly shortens the shelf life of horticultural produce.
In addition, moisture loss through transpiration is a critical physical factor affecting post-harvest quality. Excessive moisture loss leads to wilting, shriveling, loss of firmness, and weight reduction, directly diminishing market value. Leafy vegetables and fresh fruits are particularly vulnerable to dehydration due to their high surface-area-to-volume ratio. Brecht and Yahia (2009) emphasized that maintaining optimal humidity levels is essential for preserving freshness and reducing physiological weight loss during post-harvest handling and storage.
3.3. Handling and Transportation Factors
Improper handling and transportation practices significantly contribute to post-harvest losses along the supply chain. Poor handling practices, such as rough handling, dropping of produce, improper stacking, overfilling of containers, and the use of unsuitable packaging materials, result in compression, impact, and vibration injuries. These forms of mechanical stress weaken tissue structure and accelerate quality deterioration. Al-Dairi et al. (2022) reported that mechanical damage during transportation is a major cause of post-harvest losses, particularly where manual loading and unloading dominate and packaging systems are inadequate.
Furthermore, inadequate transportation facilities aggravate post-harvest losses, especially for highly perishable fruits and vegetables. The absence of refrigerated or temperature-controlled transport, combined with long transit durations and poor road infrastructure, leads to overheating, moisture loss, vibration damage, and rapid microbial spoilage. Kefas et al. (2024) demonstrated that inefficiencies in transportation systems substantially increase losses in tomato supply chains, underscoring the importance of improved logistics and cold chain integration to preserve produce quality during transit.
3.4. Inappropriate Storage Conditions
Inappropriate storage conditions represent a major factor responsible for post-harvest deterioration of horticultural commodities. High storage temperatures and relative humidity accelerate metabolic activity, enzymatic reactions, and microbial growth, leading to faster physiological breakdown and spoilage. Improper environmental control during storage shortens shelf life and compromises both nutritional and sensory quality. Caixeta-Filho and Péra (2018) highlighted that inadequate storage environments significantly contribute to post-harvest losses across agricultural supply chains.
Additionally, poor ventilation in storage facilities leads to the accumulation of heat, carbon dioxide, and ethylene gas, which collectively hasten ripening, senescence, and decay. Inadequate air circulation also promotes localized temperature and humidity fluctuations, further increasing spoilage risks. Kasso and Bekele (2018) emphasized that proper ventilation is essential for maintaining optimal storage conditions and minimizing post-harvest losses, particularly in traditional and small-scale storage systems.
3.5. Market and Socio-Economic Constraints
Market and socio-economic constraints significantly contribute to post-harvest losses in horticultural crops, particularly in developing countries where supply chains are fragmented and infrastructure is inadequate. Limited market access remains a major challenge for small and marginal farmers. Delays in transporting produce to markets due to poor road connectivity, inefficient logistics, price volatility, and the absence of reliable buyers often compel farmers to hold harvested produce under suboptimal storage conditions. Such delays accelerate physiological deterioration and microbial spoilage, resulting in increased quantitative and qualitative losses. Munhuweyi et al. (2016) reported that inefficiencies in market linkages and supply chain coordination substantially increase post-harvest losses of vegetables from retail to consumer levels, thereby affecting both farmer income and consumer prices.
Another critical constraint is inadequate post-harvest infrastructure, including insufficient cold storage facilities, packhouses, grading and sorting units, and processing industries. The lack of such facilities limits the adoption of improved post-harvest practices and forces farmers to rely on traditional handling and storage methods, particularly in rural and remote areas. Poor infrastructure not only increases spoilage but also restricts opportunities for value addition and market diversification, further exacerbating income instability among producers.
Additionally, limited awareness and skill gaps among farmers, traders, and post-harvest handlers significantly contribute to post-harvest losses. Insufficient knowledge regarding appropriate harvest timing, scientific handling techniques, optimal storage conditions, and the use of modern post-harvest technologies leads to improper practices across the supply chain. Kumar et al. (2006) emphasized that lack of training and extension support is a major determinant of post-harvest losses in vegetables, underscoring the need for targeted capacity-building programs and effective extension services to enhance adoption of best practices and reduce losses.
4. Stages of Post-Harvest Loss
Post-harvest losses occur at various stages along the supply chain, from harvest to final marketing and consumption. The type and amount of losses vary at each stage, depending on crop characteristics, handling methods, and available infrastructure. Identifying stages vulnerable to loss is key to effective post-harvest management (Kiaya, 2014). 
Table 2. Stages of Post-Harvest Losses, Major Causes, and Types of Losses in Horticultural Crops
	Post-Harvest Stage
	Major Causes
	Nature of Losses

	Harvesting
	Improper harvest maturity, rough handling, use of unsuitable tools, harvesting under high temperature or rain
	Mechanical injury, physiological disorders, reduced shelf life, and quality deterioration

	Field Handling & Packing
	Poor container hygiene, inappropriate packaging materials, overfilling of crates, and delays between harvest and packing
	Contamination, bruising, dehydration, and early microbial infection

	Transportation
	Transit vibration, compression, lack of refrigerated transport, poor road conditions, prolonged transit time
	Physical damage, temperature stress, moisture loss, and accelerated decay

	Storage
	Improper temperature and relative humidity, poor ventilation, absence of cold storage, and ethylene accumulation
	Weight loss, chilling/heat injury, microbial spoilage, senescence

	Processing & Marketing
	Strict quality standards, delayed marketing, lack of processing facilities, and price volatility
	Rejection, downgraded prices, economic loss, and food wastage



4.1. Harvesting Stage
Losses during harvesting often result from poor selection of harvest maturity, unsuitable methods, and rough handling (Yahia, et al., 2019). Harvesting produce too early or too late affects quality, shelf life, and market value. Mechanical injuries from improper tools, too much force, or harvesting in bad weather increase the risk of diseases and infections (Ali, et al., 2019).
Chart 4: Post-Harvest Losses management in Horticultural crops
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4.2. Field Handling and Packing Stage

During field handling and packing, produce can suffer from contamination, physical damage, and dehydration. Poor sanitation of containers, the use of damaged or inappropriate packaging, and overfilling crates contribute to bruising and microbial contamination. Delays between harvest and packing in high temperatures further speed up deterioration (Pokhrel, 2021).
4.3. Transportation Stage
Transportation is a crucial phase where significant losses occur due to damage from transit, vibration, compression, and temperature stress. A lack of temperature-controlled transport, bad road conditions, and long transit times lead to increased respiration, moisture loss, and decay. Poor stacking and ventilation in transport vehicles further worsen quality loss (Kunwar, et al., 2024).
4.4. Storage Stage
Storage losses mainly happen due to weight loss from transpiration, physiological disorders, and microbial decay. Poor control of temperature, humidity, and atmospheric conditions quickens aging and spoilage. In many developing regions, a lack of cold storage facilities leads to heavy losses, especially for very perishable fruits and vegetables (Elik, et al., 2019).
4.5. Processing and Marketing Stage
At the processing and marketing stage, losses can occur due to quality rejection, aesthetic standards, and price changes. Produce might be downgraded or rejected based on size, color, minor blemishes, or slight quality defects, even if it is still nutritious. Delays in marketing and the lack of processing or value-added facilities increase economic losses (Yahia, et al., 2019).
5. Management and Reduction Strategies
To effectively reduce post-harvest losses in horticultural crops, a comprehensive approach is necessary. This approach should include better harvesting practices, proper handling and storage technologies, adding value, building capacity, and favorable policy support. Implementing specific management strategies at each stage can improve production quality, increase shelf life, and boost economic returns (Banjaw, 2017).
Table 3. Post-Harvest Loss Stages and Corresponding Management and Reduction Strategies
	Post-Harvest Stage
	Major Problems
	Recommended Management Strategies

	Harvesting
	Improper maturity, mechanical injury, heat stress
	Harvest at optimum maturity; use sharp tools; trained labor; harvest during cooler hours

	Field Handling & Packing
	Contamination, bruising, dehydration
	Use clean and smooth containers; grading and sorting; cushioning materials; rapid field packing

	Transportation
	Transit damage, temperature fluctuations, vibration
	Use of rigid crates; proper stacking; cold chain transport; reduce transit time

	Storage
	Weight loss, microbial decay, and physiological disorders
	Cold storage with optimal temperature and RH; controlled/modified atmosphere; proper ventilation

	Processing & Marketing
	Quality rejection, distress sale, wastage
	Value addition (processing, drying, freezing); improved packaging; timely market linkage

	Across All Stages
	Poor hygiene, lack of skills, and awareness
	Sanitation of facilities; post-harvest treatments; farmer training and extension support



Chart 5: Sustainable Post-Harvest Management Model
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5.1. Harvesting Interventions
Harvesting interventions play a critical role in minimizing post-harvest losses and preserving the quality of horticultural produce. Harvesting at optimum physiological maturity ensures superior quality in terms of taste, texture, nutritional value, and storage potential. Produce harvested at an immature stage often fails to develop desirable sensory attributes, whereas over-mature fruits and vegetables exhibit accelerated senescence and higher susceptibility to mechanical damage and microbial spoilage during handling, storage, and transportation. Yogita et al. (2024) emphasized that correct maturity indexing based on crop-specific indicators such as size, color, firmness, and days after flowering significantly enhances shelf life and market acceptability.
In addition to maturity considerations, the use of sharp, well-maintained harvesting tools and a trained workforce is essential to reduce mechanical injuries such as cuts, abrasions, and bruising. Mechanical damage not only diminishes visual quality but also serves as an entry point for pathogens, leading to rapid deterioration. Odjo and Ostermann (2024) reported that training laborers in proper harvesting techniques, careful handling, and ergonomic practices substantially lowers handling stress and subsequent post-harvest losses.
5.2. Handling and Packing
Proper handling and packing practices immediately after harvest are vital to prevent physical damage and contamination of fresh produce. The use of clean, smooth, and appropriately sized containers helps minimize compression injuries and reduces the risk of microbial contamination. Containers made of plastic crates are increasingly preferred over traditional sacks or baskets, as they provide better ventilation and structural protection. Regular sanitation of reusable containers is crucial to prevent cross-contamination and the spread of post-harvest diseases (Banjaw, 2017).
Grading and sorting operations further enhance storage efficiency and market quality by removing damaged, diseased, or over-ripe produce that could otherwise accelerate decay of healthy items. Uniform grading facilitates efficient packaging, storage, and pricing, thereby improving market value. Rathnayake et al. (2023) highlighted that systematic sorting and grading significantly reduce post-harvest losses by limiting disease spread and ensuring uniformity during transportation. Additionally, the use of cushioning materials such as paper liners, foam nets, straw, or molded trays provides mechanical protection against vibration and impact during handling and transport, particularly for delicate fruits, thereby preserving quality and reducing quantitative losses.
5.3. Temperature Management (Cold Chain)
Effective temperature management through an uninterrupted cold chain is one of the most critical strategies for reducing post-harvest losses in perishable horticultural crops. Pre-cooling, which involves rapid removal of field heat immediately after harvest, is essential for slowing respiration rate, reducing moisture loss, and delaying senescence. Techniques such as hydrocooling, forced-air cooling, and vacuum cooling are widely adopted depending on crop type and infrastructure availability. Mounika et al. (2025) reported that timely pre-cooling significantly improves storage life and maintains the physiological quality of fruits and vegetables.
Following pre-cooling, refrigerated storage under crop-specific optimal temperature and relative humidity conditions effectively slows metabolic processes, enzymatic activity, and microbial growth. Mohan et al. (2023) demonstrated that temperature-controlled storage plays a crucial role in minimizing losses in tomato supply chains by preserving firmness, color, and nutritional quality. Furthermore, cold chain transportation using refrigerated vehicles ensures maintenance of desired temperature conditions during transit, preventing thermal shocks that can accelerate spoilage. Integration of cold storage facilities with temperature-controlled transport systems is essential for maintaining produce quality from farm to market, particularly in long-distance supply chains.
Chart 6: Relationship Between Temperature and Shelf Life
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5.4. Controlled Atmosphere (CA) and Modified Atmosphere (MA) Storage
Controlled atmosphere (CA) and modified atmosphere (MA) storage technologies are widely recognized as effective methods for extending the post-harvest life of horticultural commodities by regulating the gaseous environment surrounding the produce. These storage systems function by reducing oxygen (O₂) concentration and increasing carbon dioxide (CO₂) levels, thereby suppressing respiration rate, delaying ripening, slowing senescence, and reducing ethylene action. Such physiological modifications help maintain firmness, color, flavor, and nutritional quality during prolonged storage. CA and MA storage techniques are particularly effective for climacteric fruits such as apples, pears, bananas, and mangoes, where respiration and ethylene-mediated ripening play a critical role in post-harvest deterioration. Yahia et al. (2019) reported that optimized atmospheric conditions significantly enhance storage life and market quality of a wide range of fruits when combined with proper temperature and humidity control.
5.5. Moisture and Humidity Control
Maintenance of appropriate moisture and relative humidity during storage is essential to minimize post-harvest losses caused by transpiration-induced moisture loss, which leads to wilting, shriveling, weight reduction, and loss of visual quality. Humidification techniques that maintain crop-specific optimal relative humidity levels help preserve turgidity, freshness, and market value, particularly in leafy vegetables and fresh fruits. Erkan and Wang (2006) emphasized that effective humidity control, when integrated with modified or controlled atmosphere storage, substantially reduces physiological deterioration and prolongs the storage life of subtropical crops.
In addition to conventional humidification, evaporative cooling systems offer a low-cost and energy-efficient alternative for maintaining lower temperatures and higher humidity levels, especially in hot and dry regions. Technologies such as zero-energy cool chambers operate on the principle of evaporative cooling and are well-suited for small and marginal farmers. Majidi et al. (2014) demonstrated that such systems effectively preserve quality attributes and extend the shelf life of horticultural produce by reducing temperature stress and moisture loss, making them a practical solution for resource-limited settings.
5.6. Sanitation and Hygiene
Sanitation and hygiene are fundamental components of effective post-harvest management; as microbial contamination is one of the primary causes of post-harvest decay in horticultural crops. Clean storage and transport facilities play a crucial role in minimizing microbial load and preventing cross-contamination during handling, storage, and distribution. Regular cleaning and sanitation of storage rooms, pack houses, crates, tools, and transport vehicles help reduce the presence of pathogenic microorganisms and maintain produce quality. Brecht (2006) emphasized that hygienic handling environments, combined with appropriate atmosphere management, significantly slow down microbial growth and physiological deterioration in vegetables.
In addition to hygienic facilities, post-harvest treatments and sanitizers are widely used to control decay-causing pathogens and extend storage life. The application of approved post-harvest fungicides, hot water treatments, and food-grade sanitizers such as chlorine, organic acids, and ozone has been found effective in reducing microbial spoilage without compromising produce safety. Yahia (2006) reported that such treatments, when integrated with controlled or modified atmosphere storage, enhance disease control and maintain the quality of tropical fruits during extended storage and transportation.
5.7. Value Addition and Processing
Value addition and processing offer effective solutions for reducing post-harvest losses by converting highly perishable fresh produce into more stable, marketable forms. Processing fresh fruits and vegetables into canned, dried, frozen, or minimally processed products reduces perishability, alleviates market gluts during peak production periods, and ensures year-round availability. According to Sethi and Sethi (2006), the adoption of processing technologies plays a vital role in minimizing wastage and enhancing economic returns in the horticultural sector.
Preparation of value-added products such as juices, jams, jellies, pickles, sauces, purees, and dehydrated products not only extends shelf life but also improves product diversity, market value, and employment generation in rural areas. Sharma et al. (2021) highlighted that value-added processing enhances profitability, supports agri-based industries, and contributes to sustainable utilization of horticultural produce. Overall, value addition and processing serve as critical components of integrated post-harvest loss management by linking production with processing, marketing, and consumer demand.
5.8. Packaging Innovations
Packaging innovations play a critical role in minimizing post-harvest losses by protecting horticultural produce from mechanical damage, moisture loss, microbial spoilage, and unfavorable atmospheric conditions. Active and intelligent packaging systems represent a major advancement in post-harvest technology, as they not only contain the product but also actively interact with it to maintain quality. Modern packaging solutions incorporating ethylene absorbers, antimicrobial agents, and freshness or time–temperature indicators help regulate the internal package environment, suppress microbial growth, delay ripening, and provide real-time information on product quality. These systems are particularly effective for climacteric fruits and highly perishable vegetables, where ethylene management and microbial control are critical for shelf-life extension. Sharma et al. (2021) reported that such intelligent packaging approaches significantly improve storage life, safety, and marketability of fresh and processed horticultural commodities while reducing post-harvest losses.
Reducing physiological stress and dehydration. In addition to preserving quality, these materials help mitigate environmental pollution associated with plastic waste. Hoq et al. (2012) highlighted that the adoption of biodegradable and breathable packaging not only enhances shelf life and export quality of vegetables but also supports environmentally sustainable post-harvest systems. Overall, the integration of innovative, sustainable packaging technologies offers significant potential for reducing post-harvest losses while meeting consumer demand for safe and eco-friendly horticultural products (Bisht et al., 2024).

5.9. Farmer Education and Capacity Building
Farmer education and capacity building play a pivotal role in reducing post-harvest losses by enhancing awareness, skills, and adoption of scientific post-harvest practices. Training and awareness programs focused on critical aspects such as optimum harvesting time, proper handling techniques, grading, storage methods, and market-oriented strategies have been shown to significantly improve post-harvest management and reduce losses. According to Kitinoja and Tokala (2018), targeted post-harvest training interventions enable farmers and supply chain actors to better understand the physiological behavior of harvested produce, apply appropriate handling and storage practices, and minimize mechanical damage and spoilage. Such capacity-building initiatives also empower stakeholders to adopt low-cost and locally adaptable technologies, thereby improving produce quality, shelf life, and market value.
In addition to training, strong extension and policy support mechanisms are essential for scaling up post-harvest loss reduction efforts. Strengthening agricultural extension services facilitates the effective dissemination of post-harvest technologies and best practices at the grassroots level. Promotion of Farmer-Producer Organizations (FPOs) enhances collective access to post-harvest infrastructure, market intelligence, storage facilities, and value-addition opportunities, thereby reducing individual farmer risk and improving bargaining power. Furthermore, sustained investment in post-harvest infrastructure, including pack houses, cold storage units, and transportation facilities, supported by favorable policies and public–private partnerships, is crucial for achieving large-scale and long-term reduction of post-harvest losses. As emphasized by Kitinoja and Tokala (2018), integrating education, extension, and institutional support remains one of the most effective strategies for improving post-harvest systems and ensuring sustainable horticultural development.
Chart 7: Integrated Management of Post-Harvest Losses
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6. Emerging Technologies in Post-Harvest Management
Emerging technologies are transforming post-harvest management systems by enabling real-time monitoring, precise environmental control, and data-driven decision-making across the supply chain. These innovations offer significant potential to reduce post-harvest losses, improve produce quality, and enhance supply chain efficiency, particularly for highly perishable horticultural commodities (Verma, et al., 2025).
Smart sensor technologies have gained prominence for their ability to continuously monitor critical parameters such as temperature, relative humidity, ethylene concentration, and gas composition during storage and transportation (Laxmi, et al., 2024). Continuous tracking allows early detection of unfavorable conditions, enabling timely corrective actions to prevent physiological deterioration and microbial spoilage. The adoption of sensor-based monitoring systems improves quality assurance and reduces losses caused by unnoticed deviations in storage and transport environments (Prithviraj, et al., 2020).
The Internet of Things (IoT) further enhances post-harvest management by integrating sensors with data analytics, cloud platforms, and communication networks to enable real-time supervision and control of cold chain operations. IoT-enabled systems facilitate improved traceability, transparency, and accountability throughout the supply chain, from farm to consumer. These technologies support informed decision-making, optimize logistics, and reduce delays, thereby preserving quality and minimizing losses during handling, storage, and transportation (Sau, et al., 2021).
Biological control agents represent an environmentally sustainable alternative to synthetic chemical fungicides for managing post-harvest diseases. The use of beneficial microorganisms, such as antagonistic bacteria and fungi, helps suppress pathogenic organisms responsible for decay without leaving harmful residues. Biocontrol-based approaches align with food safety standards and organic production systems, offering effective disease management while reducing environmental and health risks.
Advances in nanotechnology-based packaging have introduced innovative solutions for enhancing post-harvest quality and shelf life. Nanomaterials improve barrier properties, mechanical strength, and antimicrobial activity of packaging systems. Nano-coatings and nanocomposite films enable controlled release of active compounds, regulate gas exchange, and provide enhanced protection against pathogens, thereby significantly extending shelf life and maintaining product quality during storage and transportation (Lal, et al., 2023).
The integration of policy-driven infrastructure development, strong institutional support, and emerging post-harvest technologies offers a comprehensive pathway for sustainably reducing post-harvest losses in horticultural crops. Investments in cold chain infrastructure, market linkages, research and innovation, and capacity building, combined with the adoption of smart monitoring systems, eco-friendly disease management, and advanced packaging technologies, can substantially improve food security, enhance farmer incomes, and reduce environmental impacts. A coordinated, multi-stakeholder approach involving policymakers, researchers, extension agencies, and the private sector is essential to translate technological advancements into scalable, inclusive, and sustainable post-harvest solutions (Deep, et al., 2024).
7. Role of Policy and Institutional Support
Effective reduction of post-harvest losses requires strong policy and institutional support in addition to farm-level interventions and technological advancements. Government initiatives, enabling institutional frameworks, and active private sector participation play a crucial role in strengthening post-harvest management systems by improving infrastructure, enhancing market efficiency, and promoting the adoption of innovative technologies. Coordinated policy measures help create an enabling environment that supports sustainable value chains and reduces inefficiencies across the supply chain.
Investment in cold chain infrastructure is one of the most critical policy priorities for minimizing post-harvest losses of perishable horticultural commodities. Public investments, along with incentive mechanisms such as capital subsidies, soft loans, and public–private partnerships, are essential for expanding cold storage capacity, packhouses, refrigerated transportation, and controlled ripening facilities. A well-developed cold chain ensures the maintenance of optimal temperature and humidity conditions from harvest to consumption, thereby preserving produce quality, reducing spoilage, and stabilizing market supply throughout the year.
Strengthening market linkages is equally important for reducing delays and inefficiencies in the movement of agricultural produce. The development of aggregation centers, farmer producer organizations (FPOs), and linkages with processing and retail sectors enables efficient collection, storage, and marketing of produce. Improved transport networks and the use of digital marketing platforms, such as electronic national agricultural markets (e-NAM), enhance price discovery, increase transparency, reduce the role of intermediaries, and minimize time-related losses, ultimately improving farmer incomes.
The implementation of quality standards and grading systems further supports efficient marketing and trade of horticultural produce. Standardized grading, quality certification, and labeling ensure uniformity, facilitate fair pricing, and enhance consumer confidence. Adoption of Good Agricultural Practices (GAP) and post-harvest quality standards also improves access to high-value domestic and international markets by meeting safety and quality requirements.
Finally, sustained investment in research and development (R&D) is essential for long-term reduction of post-harvest losses. Research efforts should focus on developing crop varieties and hybrids with enhanced shelf life, disease resistance, and tolerance to handling and transportation stresses. Additionally, innovation in low-cost storage technologies, improved packaging materials, and environmentally safe post-harvest treatments tailored for smallholder farmers can significantly enhance adoption and impact. Strong collaboration among research institutions, extension agencies, and policymakers is crucial to translate scientific advancements into practical, field-level solutions.

8. Challenges in Implementation

Even with established post-harvest technologies and management practices, widespread adoption faces numerous technical, economic, institutional, and regulatory obstacles, especially in developing countries.

High Initial Investment Costs:  
Setting up cold storage, packing houses, refrigerated transportation, and controlled atmosphere systems requires significant funding. For small farmers, these high costs often hinder adoption, particularly when affordable credit and subsidies are unavailable.

Limited Availability of Skilled Human Resources:  
Effective post-harvest management needs trained staff with skills in harvesting, grading, storage management, cold chain operation, and quality control. In many areas, the lack of technical knowledge and skilled workers limits the efficient use of existing infrastructure.

Constraints Faced by Smallholder Farmers:  
Small farmers often lack access to modern post-harvest facilities, institutional credit, and organized markets. Fragmented landholdings, low production volumes, and weak bargaining power further limit their ability to participate in value-added supply chains.

Regulatory and Certification Barriers:  
Meeting quality standards, grading norms, food safety rules, and certification requirements can be complicated and costly. Small producers and processors often struggle to comply, limiting their access to lucrative domestic and export markets.

10. Future Prospects and Research Gaps
Reducing post-harvest losses in horticultural crops is increasingly recognized as a strategic pathway to enhance food security, farmer income, and sustainability. While significant progress has been made in post-harvest technologies and management practices, several future opportunities and critical research gaps remain that must be addressed to achieve large-scale and long-term impact.
10.1. Development of Low-Cost and Scalable Technologies
Future research should focus on designing cost-effective, energy-efficient, and scalable post-harvest solutions suitable for smallholder farmers. Innovations such as solar-powered cold storage, improved zero-energy cool chambers, and affordable packaging materials require further optimization and field-level validation under diverse agro-climatic conditions.
10.2. Crop-Specific Post-Harvest Management Protocols
There is a need for crop- and region-specific post-harvest handling and storage protocols, as physiological behavior and storage requirements vary widely among fruits and vegetables. Research should emphasize standardization of maturity indices, optimal storage conditions, and shelf-life enhancement strategies for indigenous and underutilized horticultural crops.
10.3. Integration of Digital and Smart Technologies
Although digital tools such as IoT-based monitoring, artificial intelligence (AI), and decision-support systems show great promise, their adoption remains limited. Research is needed to assess their cost–benefit ratios, usability by farmers and handlers, data interoperability, and integration into existing value chains.
10.4. Eco-Friendly and Chemical-Free Post-Harvest Treatments
Growing consumer demand for safe and residue-free produce highlights the need for research on biocontrol agents, plant-based extracts, edible coatings, and physical treatments (e.g., heat, UV, and irradiation). Long-term studies on efficacy, safety, and regulatory acceptance of these alternatives are required.
10.5. Advanced Packaging Materials and Sustainability
Further research is required on biodegradable, recyclable, and intelligent packaging systems that can maintain quality while minimizing environmental impact. Life cycle assessments and commercialization pathways of nanotechnology-based packaging also warrant attention.
10.6. Post-Harvest Loss Quantification and Data Gaps
Reliable and standardized data on stage-wise and crop-wise post-harvest losses are limited, particularly in developing countries. Improved methodologies for loss assessment and real-time monitoring are essential for evidence-based policy formulation and targeted interventions.
10.7. Socio-Economic and Policy-Oriented Research
More interdisciplinary research is needed to understand behavioral, institutional, and market-related constraints affecting adoption of post-harvest technologies. Evaluating the effectiveness of policy instruments, subsidy schemes, and institutional models such as FPOs and PPPs will help refine future strategies.
Table 4. Consolidated Summary of Post-Harvest Losses, Causes, Stages, and Management Strategies in Horticultural Crops
	Section
	Key Aspect
	Major Points / Outcomes

	Introduction
	Importance of post-harvest losses
	Horticultural crops are highly perishable; 30–40% losses globally; significant impact on food security, farmer income, and sustainability

	Magnitude of Losses
	Extent and variability
	Losses range from 10–50%, depending on crop, perishability, region, and value chain efficiency; higher losses in developing countries

	Causes of Losses
	Biological, physical, and socio-economic factors
	Respiration, ethylene, enzymatic activity, microbial spoilage, mechanical damage, poor handling, storage, and market constraints

	Stages of Losses
	Supply chain stages
	Losses occur during harvesting, field handling and packing, transportation, storage, and processing/marketing

	Management Strategies
	Integrated loss reduction
	Optimum harvesting, improved handling, cold chain, CA/MA storage, sanitation, value addition, packaging innovations, and farmer training

	Policy & Institutional Support
	Enabling environment
	Investment in cold chain, PPPs, market linkages, quality standards, R&D for better shelf-life varieties

	Emerging Technologies
	Future-oriented solutions
	Smart sensors, IoT-enabled cold chain, biocontrol agents, nanotechnology-based packaging



9. Conclusions
Post-harvest losses in horticultural crops pose a serious challenge to food and nutrition security, farmer profitability, and sustainable agriculture. Significant losses arise from the perishable nature of horticultural products and a mix of biological, physical, technological, and socioeconomic factors at play along the supply chain. Understanding the extent, causes, and stages of post-harvest losses is crucial for creating effective solutions. Using integrated post-harvest management strategies, such as improving harvesting and handling practices, scientific storage and temperature control, adding value, innovative packaging, and digital technologies, can greatly reduce losses and improve product quality. Moreover, strengthening infrastructure, institutional support, and policy measures, along with educating farmers and building their capacity, are essential for achieving sustainable reductions in post-harvest losses. Collaborative efforts among researchers, policymakers, extension services, and the private sector are vital to transforming post-harvest systems into effective, resilient, and profitable components of the horticultural value chain.
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